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I. INTRODUCTION

1.1 SCOPE

Previous issues of "Bridge Design Practice™ have not treated
foundation design as a separate topic but contain bits of
information under various headings.

This section is an attempt to concentrate the material on
substructures and foundations and to apply the Load Factor Design
method to their design.

The method consists of applying factored loads (AASHTO Article
1.2, Table 1.2.22A) to ultimate capacities of foundation elements
which have been modified by a strength reduction factor (g).

In applying group loadings to bent foundations, a method of
applying seismic loading is presented which is consistent with the
current philosophy of seismic analysis and design.

1.2 FOUNDATIONS (GENERAL)

The substructure is that part of the structure which serves to
transmit the forces of the superstructure and the forces on the
substructure itself onto the foundation.

The foundation is that part of a structure which serves to
transmit the forces of the structure onto the natural ground.

If a stratum of soil suitable for sustaining a structure is
located at a relatively shallow depth, the structure may be
supported directly on it by a spread foundation. If the upper
strata are too weak, the loads are transferred to more suitable
material at greater depth by means of piles or piers.

The design of the structural elements for foundations,
substructures and retaining walls is in accordance with the
provisions of AASHTO.

The design of the structural elements is well codified; the soil
mechanics aspect of the design is not codified to any extent.

The bearing capacities of foundation soils, settlements, the
ability of piles to transfer load to the ground, lateral earth
pressures and lateral earth resistances are some of the items
which are determined by evaluation of site investigations and/or
current practice.

In stability analyses the factors of safety for overturning and
sliding are not specified in AASHTO. Determination of values to
be used is based on accepted practice and evaluation of the risk
involved. Part III will enumerate values currently used.
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II. STRUCTURE FOUNDATIONS

2.1 CAPACITY OF SHALLOW FOUNDATIONS

A shallow foundation is a term applied to a footing having a depth
to base width ratio of less than or equal to 1. (Dg/B < 1)

Where depth Df = the distance from the ground surface to the
contact surface between the soil and the base of

the footing.
B = width of footing.

Two things control the capacity of a shallow foundation:

1) the ability of the soil to support the loads imposed
upon it, known as the bearing capacity of the soil.

2) the amount of total or differential settlement that
can be tolerated by the structure being considered.

2.1.1 Ultimate Bearing Capacity of Soil

When a load is applied to a limited portion of the surface of a
soil the surface settles. The relation between the settlement and
the average load per unit area (gg) is represented by a
settlement curve (Fig. 2-1). If the soil is dense or stiff the
curve is similar to Cj;. The abscissa gg of the vertical tangent
to the curve represents the ultimate bearing capacity of the soil.
If the soil is loose or fairly soft, the settlement curve may be
similar to C, and the bearing capacity is not always well-defined.
The bearing capacity of such soils is sometimes assumed to be
equal to the abscissa q'., of the point at which the

settlement curve becomes éteep and straight. A more conservative
value is to use the bearing capacity at the abscissa q'dB at

the point where the settlement curve Cp ceases to be linear.

When the bearing capacity of a real footing is exceeded the
soil fails along a surface of rupture similar to fedejf; in
Fig. 2=-2(a). An approximate method of evaluating the u}timate
bearing capacity consists of equating separately the following
three components: See Fig. 2-2.

l. The cohesion and friction of a weightless material
carrying no surcharge.,

2. The friction of a weightless material upon addition of
a surcharge g on the ground surface.

3. The friction of a material possessing weight and
carrying no surcharge.
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The approximate equation for bearing capacity of a shallow
foundation is:
93 = CcNc +y DfNg + 1/27y BN,

g3 = bearing capacity per unit area
¢ = cohesion
y = unit weight of soil

N_ and N, are bearing capacity factors with respect to
cohesion and surcharge respectively.

N, accounts for the influence of the weight of the soil.

All the bearing capacity factors are dimensionless guantities
depending only on f.

Meyerhof's values for the bearing capacity factors are given in
Fig. 2-3. Fig. 2-4 is a direct correlation between the bearing
capacity factors and the N-values obtained from Standard

Penetration Tests.

The solid lines in Meyerhof's table are to be used with firm soils
corresponding to load settlement curve C; in Fig. 2-1.

The dash lines respectively are for soils which would correspond
to curve Cy in Fig. 2-1. These soils would not fail in gquite the
same manner as the firmer soils, and the footings would settle
before shear became mobilized along the entire surface of

Figo 2—20

For this local shear failure an approximate solution is to use
2/3 the value for both cohesion and friction, i.e.,

c' = 2/3 ¢
tan g' = 2/3 tan @

the equation for bearing capacity becomes:
qd' = 2/3 ¢ Nc' +7Df q' + 1/2y BNy'

and the bearing capacity factors N.', Ny' and N,' are taken
from the dash lines using the angle of ghearlng res1stance gr.

The basic equation for bearing capacity relates to a continuous or
strip footing. Modifications of the formula are available for use
with square, circular or footings of other shapes. (Ref. 1)

Tables are also available in the references for modifying the
basic bearing capacity equation for the condition of a footing on
or at the top of a slope. (Ref. 2)
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: 2ele2 Determination of Allowable Settlement

There are many methods of estimating the settlement of a shallow
foundation. Some of these are:

1. Table, (Ref. 8) titled "Allowable Bearing on Granular
Sediments”.

2., PFig. 2-5
3. A Meyerhof relation:
Equation 1 gs = N/8 when B < 4°

n/12 (B2 when B > 4

Equation 2 gs

Where gs = allowable bearing in tons per
square foot

N = blow count obtained from Standard
Penetration Test

p = settlement in inches

B = width of the foundation under
consideration

Many other methods exist, however, these three all relate to the
value N obtained from the Standard Penetration Test which is used
by TransLab Engineering Geology for determining soil parameters in
most cases.

If a footing is underlain by a layer or layers of compressible
material, settlement due to the compressibility of the layers must
be added to the amount of settlement obtained from the procedures
noted above.

2sde3 Design Procedures (General)

Historically the design of shallow spread foundations consisted of
proportioning the footing to distribute service loads on the
foundation soil such that the maximum bearing pressure did not
exceed an allowable capacity as predetermined by TransLab
Engineering Geology.

This allowable bearing capacity was that unit load which it was
estimated would produce a maximum differential settlement of 1/2".

The allowable bearing capacity in no case, however, was to exceed
the ultimate bearing capacity reduced by a factor of safety of 3.

Load factor design of shallow footing foundations will employ the
use of the ultimate bearing capacity of the foundation soil.
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_TransLab Engineering Geology will now be providing values for
ultimate bearing capacity of spread foundations and information as
to the method by which they were determined.

2.2 CAPACITY OF DEEP FOUNDATIONS

A pier is a structural member of steel, concrete or masonry that
transfers a load through a poor stratum onto a better one. A pile
is essentially a slender pier that transfers a load either through
its tip onto a firm stratum (point bearing pile) or through side
friction onto the surrounding soil over some portion of its length
(friction pile).

Load settlement curves for piers and piles are similar to those
for footings. The definition of bearing capacity of piers and
piles is identical with that of footings.

2.2.1 Bearing Cavacity of Piers

Piers founded on firm soil beneath layers of more compressible
material act more like spread footings with surcharge approxi-
mately equal to yDgf. The bearing capacity gp may be
determined using the proper form of the basic bhearing capacity
equation considering the shape of the pier.

If the soil surrounding the pier is homogeneous the shear patterns
in the soil at failure are altered and the bearing capacity

formulas no longer apply.

Consider a cylindrical pier of radius-r, and depth Df. At
failure the load is expressed as:

Qd = Qp * Qs = qpap + erfsnf

gp = the bearing capacity per unit of area of the soil
beneath the base.

Ap = the base area.

fs = the average value at failure of the combined effect
of adhesion and friction along the contact surface
between pier and soil. The latter term, commonly
referred to as "skin friction®.

The values for adhesion and friction can be determined )
approximately in the lab. However, the method of installation of

a pier has a marked influence on the values.

The bearing capacity of a pier then is most reliably determined
using empirical values for g, and fg as selected by someone
experienced in evaluating conditions existing at the site and
construction procedures.
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Tables containing approximate values of the parameters (fg,gp)
for various soils and conditions are available in Ref. 1.

2.2.2 Bearing Capacity of Piles

In general, the bearing capacity of a single pile is controlled by
the structural strength of the pile and the supporting strength of
the soil. The smaller of the two values is used for design.

Piles driven through soft material to point bearing may be
dependent upon the structural strength of the pile for their
bearing capacity.

The supporting strength of the soil is the sum of two factors -
the bearing capacity of the area beneath the base, and the
frictional resistance on the contact surface area for the length
of the pile.

For point bearing piles the former is of primary significance
while for friction piles the latter is of primary significance.

Structural sections of piles are to be designed using the
provisions for the material being used and satisfying the minimum
requirements specified in AASHTO and this section in foundations.
Ref, 13 has standard designs for 45 ton and 70 ton piles which are
laterally supported by soil. Memo to Designers '3-3 may be used
for design of 15" diameter pile extensions.

Displacement of soil during installation of piles creates varying
states of stress in the surrounding soil and makes computation of
"skin friction" unreliable.

Ranges of empirical values for "skin friction™ in various soils
are in Ref. 1. Local experience is of great value in selecting
empirical values to be used.

The Engineering News Record Formula is a Dynamic Formula for
determining pile capacity. The formula has been in use in this
country for some 90 years. The ENR formula, as with several
similar dynamic formulas (Danish, Janbu, etc.), estimates bearing
known as dynamic resistance from measuring the average penetration
of the pile under the last few blows of the hammer. While the
formula is theoretically sound the results obtained from its use
are unreliable. Ref. 1 cites load tests on piles driven using ENR
which had bearing capacities ranging from 1.2 to 30 times the
value obtained by the formula. The formula itself has a built in
factor of safety of 6. Ref. 1 and many other respectable soil
texts recommend against the use of ENR for determining pile
capacity.

The Wave Equation is a sophisticated Dynamic Pile Formula which is
now being used on an experimental basis by the TransLab
Engineering Geology.
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A pile load test is probably the best method available for
determining the bearing capacity of an individual pile. The tests
are quite expensive, however, and on small jobs the cost of their
use cannot be justified.

On large jobs where there are many piles to be driven, a pile load
test is performed under the direction of the TransLab Engineering
Geology. Details on the performance of a pile load test are
available in Reference 8.

2.2.3 Design Procedures (General)

Pile foundations have historically been designed using service
loads. TransLab Engineering Geology has until now recommended
allowable bearing capacities of piles using a factor of safety of
2 against bearing failure.

The TransLab Engineering Geology will now furnish the ultimate
bearing capacity of the pile and the method by which it was
determined.

Pile capacity designations currently used will not be changed on
contract documents, standard plans, etc. For example, the class
70 pile will be designed using the ultimate capacity of 140 tons
(280 kips), but will still be designated a 70 ton pile.

2.3 DESIGN OF BENT FOUNDATIONS

Procedures for design of footings for columns. (Note: Procedures
also applied to footings for pier walls in the longitudinal
direction.)

Columns on Individual Footings

1. Determine column section requirements based on the Load
Factor Design Group Loadings in AASHTO and using the design
strength of the member. The design strength of a member or
cross section equals the nominal strength modified by the
strength reduction factors (@) specified in AASHTO. The
nominal strength of a member or cross section equals the
strength calculated using the spacified compressive strength
of the concrete and the specified yield strength of the
reinforcement.

2. Determine as a minimum the nominal moment strength of the
column in the direction of the principal axes of the footing
at the locations where plastic hinges may form when the
structure response to seismic loading causes inelastic action
in the columns. These nominal moments strengths shall be
those associated with the unfactored dead load axial force.
Currently there is a TSO program titled "YIELD" which can be
used to develop interaction diagrams for column sections.
Also interaction diagrams for the standard column sections

are available,
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3-

Determine the column probable plastic moments. The column
probable plastic moments equal the nominal moment strengths
increased by a factor equal to 1.30.

Using the column probable plastic moments, determine the
corresponding column shear forces.

Determine the axial forces in the columns due to overturning
when the probable plastic column moments are developed.

Using these column axial forces combined with the dead load
axial forces, determine new column probable plastic moments.
Using these new probable plastic moments determine the column
shear forces. If the sum of these new column shears are not
reasonably close (within 10 percent) to the sum of the
previously determined column shears, reevaluate the column
probable plastic moments and column shears.

The ultimate moments to be used for designing the footing
shall be those that are the least critical of the following
two cases:

A. The final column probable plastic moments at the base
of the column.

B. The column moments at the base of the column from an
elastic seismic analysis before any reduction for
ductility (Z factor). Two orthogonal directions of
earthquake motion shall be considered. The moments
which result from the analysis of earthquake motion in
one direction shall be combined with 30 percent of the
moments which result from the analysis of earthquake
motion in the other direction. This will result in
applied moments acting in two orthogonal directions
simultaneously. The two possible combinations of
moments shall be considered. See Figure 1.

The horizontal force induced into the structure at the bent
is limited to the column shear force associated with the
development of the probable plastic moments. The lateral
resistance of the footing may be considered adequate provided
the material surrounding the footing and upper portion of the
pile of pile footings has a standard penetration value, N, of
at least 4. The piles for pile footings should be designed
to sustain large induced curvatures and still maintain their
design axial load.

The ultimate vertical forces tc be used for designing the
footing shall be the unfactored dead load force combined with
the axial forces associated with the ultimate moments of

Step 5.

Design a footing to resist the ultimate moments and forces of
Steps 5 and 7. For resisting the vertical forces and moments
use the ultimate soil bearing capacity or the ultimate pile
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10.

ixial capacity using a strength reduction factor (£) equal to
00.

When determining the flexural capacity of the footing, use a
strength reduction factor (@) equal to 1.0 and a yield
strength of reinforcement equal to 1.0 times fy-

When determing the shear capacity of the footing, use a
strength reduction factor (@) equal to 0.85 and a yield
strength of reinforcement equal to 1.0 times fy_

Design the piles of pile footings to sustain large curvatures
and the design axial force.

When determining the transverse reinforcement required in the
piles, consideration shall be given to confining the core in
those regions where plastic hinges may be expected to form.
In these regions the minimum volumetric ratio shall be:

£ P
Py = 0.12 __E (0.5 + 1.25 s ) ¢+ except FAg need not be
b f'cAg

> 4
greater than-0.012.

(Generally, where the soil strata below the footing increase
in strength with depth the plastic hinge in the piles can be
assumed to form at the footing. For this case the confining
reinforcement shall extend not less than twice the longest
cross-sectional dimension of the pile or 36 inches, whichever
is greater.)

The minimum recommended transverse reinforcement in the top 6
feet of pile 20" @ or less shall be equivalent to a W6.5 _
spiral at 3 inch pitch, the minimum transverse reinforcement
in the remainder of the pile shall be equivalent to a W6.5
spiral at 6 inch pitch.

When determining the axial tensile force resistance of the
piles, use a strength reduction factor (@) equal to 1.0 and a
yield strength of reinforcement equal to 1.0 times fy_

When uplift capacity of the piles is required, verify with
the TransLab Engineering Geolcgy that the pile length
specified is adequate for the design axial tensile force.

Check the footing design using the Load Factor Design Group
Loadings in AASHTO, except omit Group VII. The ultimate soil
bearing capacity shall be modified by a strength reduction
factor (@) equal to 0.5 and the ultimate pile bearing
capacity shall be modified by a strength reduction factor (@)
equal to 0.75.

When checking the adequacy of the footing sections use the
design strength of the member specified in AASHTO. Revise
footing, if required.
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11.

Transverse column reinforcement shall be provided for
confinement and shear resistance.

The cores of the column shall be confined by transverse
reinforcement in the regions where plastic hinges are
expected to form.

The extent of these regions shall be assumed to be length not
less than (1) the maximum dimension of the column, (2)
one-sixth of the clear height of the column, (3) 24 inches.
For the flared end of a flared column the extent of the
plastic hinge region shall be assumed to be a length equal to
the flare length plus the greater length of (1), (2), or (3)
above.

The transverse reinforcement for confineme-t within these
regions shall provide the greater of the “wo following
volumetric ratios for spirally reinforced columns:

volumetric ratios for spirally reinforced columns:

A £ P
p = 0.45( 2 1) _Z (0.5 + 1,25 5 )
A, £, £ Ay
or
_ e Fe
pg = 0.12 = (0.5 + 1.25 f'cAg)

The transverse reinforcement for confinement at any location
within the column shall provide the following volumetric
ratio for spirally reinforced columns:

Ag £
Pe = 0.45( = -1) f—
c y

It is recommended that all columns be spirally reinforced.

For those columns reinforced transversely with rectangular
hoop reinforcement, refer to SEAOC's "Recommended Lateral
Force Requirements and Commentary®" for the required
confinement reinforcement, and AASHTO.

The design column shear forces determined in Step 6 shall be
resisted by concrete and transverse column reinforcement. 1In
regions where plastic hinges may form, use the core section
of the column to resist the shear force. In regions other
than where plastic hinges may form, use the gross section of
the column to resist the shear force.
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12.

When determining the shear resistance of the column, use a
strength reduction factor (@) equal to 0.85 and a yield
strength of reinforcement equal to 1.0 times f,., If the
transverse reinforcement required for confinemé&nt is also
adequate for shear then no additional transverse
reinforcement is required. The reinforcement reguirements
for confinement and shear are not additive.

For columns considered hinged at the top of the footing, the
bottom of column design shear forces and design axial tensile
forces shall be resisted by concrete area and vertical
reinforcement according to the provisions of AASHTO.

The column design axial compressive force shall be resisted
by concrete area and vertical .reinforcement according to the
provisions of AASHTO. Vertical reinforcement provided to
resist the column shear forces and the column axial tensile
forces may k= used in resisting the column axial compressive
force.
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-13. At each bent, individual footings may be connected by ties to

distribute the total horizontal force in the plane of the
bent to each footing in proportion to its capability to
resist horizontal forces. The ties shall be capable of

resisting in tension and compression the design ultimate
axial force required to redistribute the total horizontal
force.

When determining the tensile capacity of the tie use a
strength reduction factor (f) equal to 1.0 and a yield
strength of reinforcement equal to 1.0 fy.

When determining the compressive capacity of the tie use a

strength reduction factor (B).eTual to 0.75, a concrete
strength equal to f£'_ and a yield strength of
reinforcement equal %o 1.0 fy.

l4. The bent cap and girders shall be capable of resisting
unfactored dead load forces and moments combined with seismic
forces and moments.

The ultimate seismic moments to be considered shall be those
that are the least critical of the following two cases:

A. The moments which result from using the final top of
column probable plastic moments as an applied load.

B. The moments which result from an elastic seismic

analysis before any reduction for ductility (2
factor). Two orthogonal directions of earthguake

motion shall be considered.

The moments which result from the analysis of
earthquake motion in one direction shall be combined

with 30 percent of the moments which result from the
analysis of earthquake motion in the other direction.
The two possible combinations of moments shall be

considered.

The ultimate seismic axial and shear forces to be considered

shall be those associated with the least critical ultimate
seismic moments.

When determining the flexural capacity of the members, use a
strength reduction factor (§) equal to 1.0 and a yield
strength of reinforcement equal to 1.0 times fy,

When determining the shear capacity of the members, use a
strength reduction factor (§) equal to 0.85 and a yield
strength of reinforcement equal to 1.0 times fy.
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-Columns on Combined (Common) Footing

1.

2.

Determine the column section requirements based on the Load
Factor Design Group Loadings in AASHTO, and using the design
strength of the member.

For each column determine the column probable plastic moments
and the column axial forces and shear forces associated with

the development of the probable plastic moments.

The ultimate moments to be used as applied moments for
designing the footing shall be determined as specified in
Step 5 of the procedures for "Columns on Individual
Footings"®.

The ultimate horizontal forces and ultimate vertical forces
to be used as applied forces for designing the footing shall
be determined as specified in Steps 6 and 7 of the procedures
for "Columns on Individual Footings".

In the transverse direction, assume the footing is a
continuous beam on an elastic support, either soil or piles.
In the longitudinal direction, assume the footing is a one-
way footing. Using the soil or pile reactions obtained,
design the footing sections. Consideration should be given
to the tensile force applied to the footing due to the
difference in column shears.

Design a footing to resist the ultimate moments and forces of
Steps 3 and 4. For resisting the vertical forces and moments
use the ultimate soil bearing capacity or the ultimate pile
bearing capacity and ultimate pile uplift capacity using a
strength reduction factor (@) egual to 1.0. For resisting
the lateral forces use the ultimate capacity of the soil or
piles using a strength reduction factor (@) equal to 1.0.

When determining the flexural capacity of the footing, use a
strength reduction factor (f) equal to 1.0 and a yield
strength of reinforcement equal to 1.0 times fy. When
determining the shear capacity of the footing, use a strength
reduction factor (@) equal to 0.85 and a yield strength of
reinforcement equal to 1.0 times fy.

Design the piles of pile footings to sustain large curvatures
and the design axial force. Refer to Step 9 of the
procedures for "Columns on -Individual Footings®.

Check the footing design using the Load Factor Design Group
Loadings in AASHTO, except omit Group VII. The ultimate soil
bearing capacity shall be modified by a strength reduction
factor (f) equal to 0.5 and the ultimate pile bearing
capacity shall be modified by a strength reduction factor (f#)
equal to 0.75.
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10.

When checking the adequacy of the footing sections, use the
design strength of the member specified in AASHTO. Revise
footing, if required.

Design the column transverse reinforcement to provide for
confinement and shear resistance. Refer to Step 1l of the
procedures for "Columns and Individual Footings"”.

Design the connection of hinged columns to resist the
ultimate forces determined in Step 4. Refer to Step 12 of
the procedures for "Columns on Individual Footings®”.

The bent cap and girders shall be capable of resisting
unfactored dead load forces and moments combined with seismic
forces and moments. Refer to Step 14 of the procedures for
“Columns on Individual Footings".

Columns as Extensions of Piles

1.

Using the Load Factor Design Group Loadings in AASHTO,
determine the required pile embedment and the required column
and pile sections.

For determining the required pile embedment to resist the
applied moments and lateral forces use a limiting equilibrium
analysis. For this analysis, use ultimate lateral soil pres-
sures modified by a strength reduction factor (f) equal to
0.5. For determining the column and pile section require-
ments, use the design strength of the members.

If the location of the maximum moment in the pile differs
significantly from the location of pile fixity assumed for
the frame analysis, consideration should be given to making a
revised frame analysis.

Determine the column and pile probable plastic moments at the
locations where plastic hinges may form. Assume the plastic
hinge in the pile occurs at the point of maximum moment
determined in Step 1, or if the column section probable
plastic moment at the column/pile connection is less, assume
a plastic hinge occurs at the column/pile connection.

Determine the column and pile shear forces and axial forces
that are associated with the development of the selected
probable -plastic moments. Reevaluate the probable plastic
moments, shear forces, and axial forces for the effects of
overturning, if necessary.

Using the ultimate moment at the location of the plastic
hinge or point of maximum moments near the ground surface
and the associated shear force as loads, check if the pile
embedment determined in Step 1 is adequate. Use a limiting
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equilibrium analysis using the ultimate lateral soil pres-
sures modified by a strength reduction factor (§) egqual to

1.0. Increase the pile embedment, if required.

The ultimate moment to be used shall be that which is the
least critical of the following two cases:

A. The final column probable plastic moment.

B. The resultant moment from an elastic seismic analysis
before any reduction for ductility (Z factor). Two
orthogonal directions of earthguake motion shall be
considered. The moments which result from the
analysis of earthguake motion in one direction shall
be combined with 30 percent of the moments which
result from the analysis of earthquake motion in the
other direction. The two possible resultant moments
shall be considered.

Check the pile and superstructure deflections using the
Service Load Group Loading in AASHTO except omit Group VII.
Use the longest of the following pile embedment lengths:

the length determined in Step 1.

the length determined in Step 3.

the length specified by the TransLab Engineering
Geology to resist the axial forces.

w N
N

Use an elastic method of analysis, and revise the pile
section and/or embedment, if required.

Design the column and pile transverse reinforcement to
provide for confinemernt and shear resistance. Refer to Step
11 of the procedures for "Columns on Individual Footings®.

Design the connection of columns hinged at the top of pile to
resist the applied ultimate forces.

The forces to be used shall be the least critical of the
following two cases:

A. The unfactored dead load forces combined with the
forces associated with the development of the probable
plastic moments at the top of the column.

B. The unfactored dead load forces combined with the
forces from an elastic seismic analysis before any
reduction for ductility (z factor). Two orthogonal
directions of earthquake motion shall be considered.
The forces which result from the analysis of
earthquake motion in one direction shall be combined
with 30 percent of the forces which result from the
analysis of earthquake motion in the other direction.
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The two possible sets of resultant forces shall be
considered. Refer to Step 12 of the procedures for
"Columns on Individual Footings".

7. The bent cap and girders shall be capable of resisting
unfactored dead load forces and moments combined with seismic
forces and moments. Refer to Step 14 of the procedures for
"Columns on Individual Footings”™.

2.4 DESIGN OF ABUTMENTS

Two types of abutments are discussed, a seat-type and a diaphragm-
type.

Design of Seat-Type Abutment

Procedures for the design of a seat-type abutment which uses piles
at the end of the wingwalls plus the lever arm afforded by the
wingwalls to resist overturning moments.

The procedure will be illustrated using an abutment for the 2-span
box girder structure used in the concrete design course.

l. Determine the embedment of the diaphragm and the length of
wingwalls required to satisfy site requirements.

2. Determine number and size of elastomeric bearing pads
required using service loads from superstructure analysis.

Refer to Memo to Designers 7-1.

3. Assume preliminary dimensions for wingwalls, abutment
diaphragm, backwall, curtain wall, wingwall footing, and
transverse shear key. See Figures A-2, A-3 and A-4.

4. Determine unfactored dead locad of abutment, static earth
pressure, seismic earth pressure, and horizontal and vertical
forces transferred from the superstructure. See Figure A-5.

5. Using the load factors and group loadings in AASHTO,
determine the number of piles required to resist the vertical
and horizontal forces and overturning moments. Use the
ultimate bearing capacity, ultimate lateral resistance and
ultimate tensile capacity of the piles modified by a strength
reduction factor (@) equal to 0.75 for all group loadings
except VII for which use a strength reduction factor (fg)
equal to 1.0. For purposes of analysis assume a pinned
support at the junction of abutment diaphragm and the front
row of piles.,

6. Using factored loads, design the following elements using the
design strength of the member as specified in AASHTO:
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1) abutment diaphragm

2) abutment backwall

3) longitudinal shear key at base of backwall

4) transverse shear key at end of abutment diaphragm
5) curtain wall

6) wingwalls

7) footing at end of wingwall.

In designing the abutment diaphragm consideration should be
given to the torsional load created by the eccentricity of
the earth pressure .and forces transferred through the
elastomeric bearing pads. This torque is resisted by the
wingwalls and wingwall piles. The wingwalls should be
designed for a vertical moment in the plane of the wingwalls
to resist the torgque from the abutment diaphragm.

In designing the wingwall, check the vertical shear capacity
at the minimum section at the wingwall footing.

In designing the wingwall to backwall/abutment diaphragm
connection, take into account the shear and moment due to
earth pressure on the wingwall and the fact that for this
type of corner detail, where the moment tends to open the
corner, it is difficult to maintain the moment capacity of
the wingwall section around the joint area. Consideration
should be given to using a haunch in the corner even for

abutments without skew.

Design of Diaphragm Abutment

procedure for the design of a diaphragm abutment on either piles
or continuous spread footing with cantilevered wingwalls.

The procedure is illustrated using an abutment for the 3-span
T-beam structure used in the concrete design course.

1.

2.

Determine the dimensions of the diaphragm, wingwall, etc., to
satisfy site requirements.

If diaphragm rests on elastomeric bearing pads, determine
their size and number using service loads from superstructure

analysis.

Determine factored axial load. Find number of piles or area
of spread footing required using ultimate capacities of soil
or piles reduced by appropriate g factor i.e. (0.5 for soil,
0.75 for piles).

Design abutment wall as cantilever using the design strength
of the member as specified in AASHTO. Longitudinal force
applied at base of cantilever will be dependent upon the type
of support as follows:
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On Concrete Piles

nggitudinal Force Hp = v(gross section) = V¢ + Vs (per
pile

vs = Avfyd/s
vc = 2(1 + .0005 DL/Aq) /f'c b,d

Where: V¢ = nominal shear strength provided by concrete.

Vs = nominal shear strength provided by shear
reinforcement.

Ay = area of shear reinforcement within a distance
s, in square inches.

fy = specified yield strength of non-prestressed
reinforcement, in psi.

d = distance from extreme compression fiber to
centroid of longitudinal tension reinforcement,
but need not be less than 0.80h for prestressed
members, in inches. (For circular sections, d
need not be less than the distance from extreme
compression fiber to centroid of tension

reinforcement in opposite half of member.)
s = spacing of shear reinforcement in direction
parallel to longitudinal reinforcement, in
inches.
DL = unfactored dead load.

Ag = gross area of section, in square inches.

f'c = specified compressive strength of concrete,
in psi. ‘

by = web width, or diameter of circular section,
in inches.

On Steel 45T Piles

Use Hp = 30k (per pile)

On Elastomeric Bearing Pads

Use Hp = 25% of unfactored dead load.

These values are to be used in lieu of more exact analysis
which gives greater values. Minimum reinforcement to be #5
at 18" in both faces.
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5.

Wingwalls are designed using Group Loading and the
following:

Earth Pressure E = (0.5) K, yh2

Where: Kay = 36 PCf'

h = height of wall at point considered.

Live Load Regardless of Group used, consider as 2'

equivalent earth surcharge.
For convenience the equations in BRIDGE DESIGN AIDS
pages 3-6 may be used considering L of wall and s = 2' then
applying factors:
y = 1.3
B= 1.3

Giving: Py = (1.69) (P)

=
[

(1.69) (M )
AA
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BLEARING CAFACITY OF SHALLOW FOOT/INGS

Load per Unit of Area
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III. EARTH RETAINING STRUCTURES

3.1 STATES OF STRESS

When the maximum shearing strength is fully mobilized along a
surface within a soil mass, a failure condition known as a
state of plastic (or limiting) equilibrium is reached.
Rankine's active and passive states of stress result when
shear . stresses equal to the maximum shearing strength of the
soil develop uniformly and unhindered in two major directions
throughout a soil mass due to lateral extension or
compression.

Where the combinations of shear and normal stress with a soil
mass all lie below the limiting envelope (see Fig. 3-1), the
soil is in a state of elastic equilibrium. A special
condition of elastic equilibrium is the "at-rest™ state,
where the soil is prevented from expanding or comprescing
laterally with changes in the vertical stress.

3.2 LIMITING EQUILIBRIUM CONDITIONS

The limiting equilibrium theories all require that the
maximum shearing strength of the soil is mobilized. This
however, requires deformation in the soil. The deformation
of a supporting structure has only a local effect on the
state of stress in the soil. The remainder of the soil
remains in a state of elastic equilibrium. The state of
stress in the locally disturbed zone and the shape of this
zone is dependent on the amount and type of wall deformation.
This also determines the shape of the pressure distribution
on the wall and the intensity of the pressure. When a wall
moves outward, the shearing strength of the retained soil
resists the corresponding outward movement of the soil and
reduces the earth pressures on the wall.

The earth pressure calculated for the active state is the
absolute minimum value. When the wall movement is towards
the retained soil, the shearing strength of the soil resists
the corresponding soil movement and increases the earth
pressure on the wall. The earth pressure (or resistance)
calculated for the passive state is the maximum value that
can be developed.

The amount of movement required to produce the active state
in the soil is dependent mainly on the type of backfill
material. Fig. 3-2 gives the outward movement of a wall
which is necessary to produce an active state of stress in
the retained soil. The movements required to produce full
passive resistance are considerably larger, especially in
cohesionless material. These reguirements apply whether the
movement is a lateral translation of the whole wall or a
rotation about the base. The pressure distributions for full
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active and passive states are basically triangular. for constantly
sloping ground.

The amount of wall movement which will take place depends
mainly upon the foundation conditions and the flexibility of
the wall. The designer must insure that the calculated earth
pressures correspond to the available wall movement. A free-
standing wall need only be designed for active earth pressure
as far as stability is concerned, since if it starts to slide
or overturn under higher pressures, the movement will be
sufficient to reduce the pressures to active. However, if it
is on a strong foundation or otherwise fixed so that adequate
stability is provided, the stem may be subject to pressures
near those for the at-rest state.

3.2.1 The Rankine Earth Pressure Theory

Rankine's equations give the earth pressure on a vertical
plane which is sometimes called the virtual back of the wall.
The earth pressure on the vertical plane acts in a direction
parallel to the ground surface and is directly proportional
to the vertical distance below the ground surface (see
Figure 3-3).

Provisions for Rankine's conditions in cohesive soils with a
horizontal ground surface are available.

3.2.2 The Coulomb Earth Pressure Theory

The theory directly gives the resultant pressure against the
back of a retaining structure for any slope of the wall and
for a range of wall friction angles. It assumes that the
soil slides on the back of the wall and mobilizes the
shearing resistance between the back of the wall and soil as
well as that on the failure surface.

The Coulomb eguations reduce to those of the Rankine theory
if a vertical wall surface with an angle of wall friction
equal to the backfill slope is used. Other cases of wall
slope or wall friction require curved surfaces of sliding to
satisfy static equilibrium. The degree of curvature may be
quite marked, especially for passive conditions. However,
Coulomb's theory assumes that the failure wedge is always
bounded by a plane surface, and it is therefore only an
approximation for passive conditions. It is usually on the
unsafe side if the wall friction angle exceeds 1/3 f.

The simplifying assumption also means that static equilibrium

is not always completely satisfied. For example, the forces
acting on the soil wedge cannot all be resolved to act through a
common point. The error from an exact solution is proportional to
the amount by which static equilibrium is not satisfied.
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"In the active case the soil tends to slip downward along the
back of the wall causing the resultant earth pressure to be
inclined at a positive angle to the normal to the wall.

It is recommended that an angle of wall friction of + 2/3 of g be
used in the equation for active pressure for concrete walls which
have been cast against formwork.

3.2.3 Passive Pressures Using Equations

The movements regquired to produce passive pressure lead to the
soil sliding upward on the failure surfaces (including the back of
the wall or anchor block). Therefore, Rankine's equation does not
theoretically apply for passive resistance of soil with a positive
ground slope against a vertical wall because it assumes a positive
angle of wall friction equal to the ground slope, when in fact the
wall friction anale would be negative. The use of Rankine's
equation in this situation gives an underestimation of the passive
resistance.

Equations for Coulomb's conditions allow the use of the
correct direction and magnitude for the wall friction angle
for passive pressure. However, for large positive backfill
slopes or large values of wall friction, the error due to the
assumption of a plane failure surface leads to a large
overestimation of the passive resistance. This is
accentuated further when the back of the wall has a negative
slope. In the case of a vertical wall the Rankine equation
should be used instead to give a conservative estimate of the
passive resistance. For other wall slopes the passive
resistance can be taken as Rankine's passive pressure on the
vertical plane plus the weight of the soil wedge between the
vertical plane and the pressure surface. Alternative methods
based on curved failure surfaces, such as the logarithmic
spiral method may be used. (See Reference 6)

For most cases involving passive pressures encountered in
retaining wall design, the ground surface is horizontal and
the pressure surface may be assumed to be vertical. 1If the
angle of wall friction is taken as zero under these
conditions, the Rankine and Coulomb equations are the same
and the resulting passive resistance is on the conservative
side. (Since there would be some wall friction which
increases the passive resistance.)

3.2.4 The Trial Wedge Method

Where the ground surface is irregular, or where it is
constantly sloping in cohesive soil, a graphical procedure
using the assumption of planar failure surfaces is the
simplest approach. This procedure is known as the "Trial
Wedge Method".
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The backfill is divided into wedges by selecting planes through
the heel of the wall. The forces acting on each of these wedges
are combined in a force polygon so that the magnitude of the
resultant earth pressure can be obtained. A force polygon is
constructed even though the forces acting on the wedge are often
not in moment equilibrium. This method is therefore an
approximation with the same assumption as the equations for
Coulomb's conditions, and for a ground surface with a constant
slope will give the same result. If the conditions are the same
as those for Rankine's equations the Trial Wedge earth pressures
will correspond to these also. The limitations on wall friction
and passive pressures mentioned in the use of the Rankine and
Coulomb equations also apply to the Trial Wedge Method. The
adhesion of the soil to the back of the wall in cohesive soils is
neglected since it increases the tension crack depth and hence
reduces the active pressure.

For the active case the maximum value of the earth pressure
calculated for the various wedges is required. This is
obtained by interpolating between the calculated values. For
the passive case the required minimum value is similarly
obtained.

The direction of the resultant earth pressure and the force
polygons should be obtained from the consideration of
Sections 3.2.1 to 3.2.3. For the cases where this force acts
parallel to the ground surfaces, a substitute constant slope
should be used, as shown on Figure 3-4, for soil both with
and without cohesion.

For an irregular ground surface the pressure distribution is
not triangular. However, if the ground does not depart
significantly from a plane surface, a linear pressure
distribution may be assumed and the constructions given in
Figure 3-5 and 3-6 used. A more accurate method is given in
Figure 3-7. The latter should be used when there are
nonuniform surcharges.

3.3 ELASTIC EQUILIBRIUM CONDITIONS

(At-Rest Pressures)

The special state of elastic equilibrium known as the at-rest
state is useful as a reference point~for calculation of earth
pressures where only small wall movements occur. For the
case of a vertical wall and a horizontal ground surface the
coefficient of at-rest earth pressure may be taken as:

Ko = 1 - sin @' for normally consolidated materials. This
assumes that the material has no built in overconsolidation
stress. For other wall angles and backfill slopes, it may be
assumed the K5 varies proportionally to Ka. At-rest

earth pressures may be assumed to increase linearly with
depth from zero at the ground surface for all materials.
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- The total at-rest earth pressure force is given by:

_ 2 -
PE 1/2 K,y H

This acts as H/3 from the base of the wall (or bottom of the key
for walls with keys).

For gravity type retaining walls the at-rest pressure should be
taken as acting normal to the back of the wall (i.e. 8 = 0). For
cantilever and counterfort walls it should be calculated on the
vertical plane through the rear of the heel and taken as acting
parallel with the ground surface.

In cohesionless soils, full at-rest pressures will occur only
with the most rigidly supported walls. 1In highly plastic
clays, pressures approaching at-rest may devlop unless wall
movement can continue with time (creep).

3.4 SEISMIC EARTH PRESSURE

The most frequently used method for the calculation of the
seismic soil forces acting on bridge abutments or retaining
walls is the static approach developed by Mononobe and Okabe.
The Mononobe-Okabe analysis is an extension of the sliding-
wedge theory taking into account horizontal and vertical

inertia forces acting on the soil. The analysis is described in
detail by Seed and Whitman, (Reference 4). The following
assumptions are made:

1. The abutment is free to move sufficiently so that the soil
strength will be mobilized. If the abutment is rigidly tixed
and unable to move, the soil forces will be very much higher
than those predicted by the Mononobe-QOkabe analysis.

2. The backfill is cohesionless with a friction angle {,

3. The backfill is unsaturated, so that liquification problems
will not arise.

3.5 SURCHARGES

Uniform Loads

Dniform surcharge loads may be converted to an eguivalent height
of £ill and the earth pressures calculated for the correspondingly
greater height.

Line Loads

Where there is a superimposed line load running a considerable
length parallel to the wall, the weight per unit length of this
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load can be added to the weight of the particular trial wedge to
which it is applied (Fig. 3-8). The increased total earth
pressure will be given from the trial wedge procedure but the line
load will also change the point of application of this total
pressure. The method given in Figure 3-7 may be used to give the
distribution of pressure.

When the line load is small in comparison with active earth
pressure, the effect of the line load on its own should be
determined by a method based on stresses in an elastic medium.
The pressures thus determined are superimposed on those due to
active earth pressure and other effects (Ref. 2, Sheet 7-10-10).

pPoint Loads

Point loads cannot be taken into account by trial wedge
procedures. The method based on Boussinesg's eguations should be

Static Water Level

Where part or all of the soil behind the wall is submerged below a
static water level, the earth pressure is changed due to the
hydrostatic pore pressures set up in the soil. The water itself
also exerts lateral pressure on the wall egqual to the depth below
the water table times the density of water.

3.6 STABILITY OF RETAINING WALLS

3.6.1 General

The stability of a freestanding retaining structure and the soil
containing it is determined by computing the factors of safety or
"stability factors"™ which may be defined in general terms as:

_ moments or forces aiding stability
moments or forces causing instability.

F.S.

Factors of safety should be calculated for the following separate
modes of failure:

a) Sliding of the wall outwards from the retained soil.
b) Overturning of the retaining wall about its toe.

c) Foundation bearing failure.

d) Slip circle failure in the surrounding soil.

When calculating overall stability of the wall, the lateral earth
pressure is calculated to the bottom of the footing, or in the
case of a footing with a key, to the bottom of the key.

The vertical component (if any) of the resultant earth pressure
may be added to the weight of the wall system when computing

stability factors.
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“If the passive resistance of the soil in front of the wall is
included in calculations for stability, the top 12° of the soil
should be neglected, and passive resistance should be calculated
by Rankine theory.

3.6.2 Sliding Stability

Factor of safety:

sum of the forces resisting sliding

F.S. = S0m of the forces causing sliding

should be at least equal to 1.5 for static loading and at least
1.2 for seismic loading.

3.6.3 Overturning Stability

Moments calculated about the bottom of the front of the toe must
give an overturning factor of safety:

_ sum of the moments resisting overturning
sum of the moments causing overturning

F.S.

The factor of safety for overturning should be at least 2,0 for
static loading. For seismic loading F.S. for sliding is generally
exceeded before overturning is critical.
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TRIAL WEDGE METHOD
COHESIONLESS SOIL
CULMANN'S CONSTRUCTION

(FOR STATIC EARTH
PRESSURE .ONLY)

//A\YM“__

Failure Plane 3
Pressure TR < p“‘$
Surface V\Gg\*\ c’\)\,\%" G
- c J A N\

PROCEDURE

1. Draw line A-G at an angle of ¢° to the horizental for active pressure.

2. Draw trial wedges AHCD1, ABCD2, etc. - a minimum of four will usually
suffice. '

3. Calculate the weights of the wedges - say w,, w,, etc., and ploT these
to a suitabie scale on A-G, each measured from A.

4. Through w,, w_ , etc., draw lines at an angle §, (see text for direction
of Pp and hence E), to intersect A-1, A-2, etc., at H, J, etc.

5. Draw a curve “hrough A, H, J, etc.

6. Pp is obtained by drawing a tangent to the curve, parallel to A-G to
touch at T. Pp is the line W-T, to the same scale as w,, etc.

7. The tailure plane is the line through A and T.

Figure 3-5
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POINT _OF _APPLICATION
OF RESULTANT PRESSURE
AND PRESSURE DISTRIBUTION

surcharge

LI

A
TRIAL WEDGES PRESSURE ON A-B

Use when the ground surface is very irregular or when a non-uniform
surcharge is carried.

PROCEDURE

1. Subdivide the line A-4 into sbout 4 equal parts h; (below the depth yo
of tension cracking).

2. Compute the active earth pressures P,, P,, P,, efc., 2s it each of the
points 1, 2, 3, etc., wure the base of 1?3 wall. The trial wedge
method is used for each computation.

3. [Determine the pressuro distribution by working down from point 4. A
linear variation of pressure may be assumed between the points where
pressure has been calculated.

4. Determine the elevation of the centroid of the pressure diagram, y.

This is the approximate elevation of the point of application of the
resultant earth pressure, Pp.

Figure 3-7
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Iv.

1.

9.

10.

11.

12,

13.

SUBSTRUCTURES AND FOUNDATIONS
REFERENCES

*Soil Mechanics in Engineering Practice, 2nd Edition,® by
Terzaghi, K. and Peck, R. B. (1967) John Wiley & Sons.

®*"Design Manual Soil Mechanics, Foundations, and Earth
Structures,® NAVFAC DM-7, U.S. Department of the Navy (1971).

"Foundation Design," by Teng, Wayne C. (1962), Prentice-Hall
Inc.

*"Design of Earth Retaining Structures for Dynamic Loads,"
Seed, H. B. and Whitman, R. V. (1970), ASCE Specialty
Conference - Lateral Stresses in the Ground and Earth
Retaining Structures.

"Retaining Wall Design Notes,"™ New Zealand Ministry of Works
(1973) Design Manual prepared in the.Office of the Chief
Design Engineer (civil).

“Steel Sheet Piling Design Manual,®" U.S. Steel Corp. (1975).

*"Trenching and Shoring Manual, " State of California
Department of Transportation (1977).

"Handbook of Engineering Geology," State of California
Department of Transportation (1958).

ATC-6, draft copy dated March 7, 1979 by the Applied
Technology Council.

*Recommended Lateral Force Requirements and Commentary,"
(1975) by Structural Engineers Association of California
(SEAOC).

*Standard Specifications for Highway Bridges, Twelfth
Edition,"™ (1977) by the American Association of State Highway
and Transportation Officials (AASHTO).

"Bridge, Memos to Designers,® State of California Department
of Transportation

*Standard Plans," State of California Department of
Transportation (March 1977).
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Example Problem 1 - Single Column Bent W/Pile Footing

Problem: Design the column and a pile footing for the single
column bents of the 3 span box girder bridge used in the
Reinforced Concrete Section of the Bridge Design Practice Manual.

Note: Article numbers cited within this example problem refer to
the article numbers used in the AASHTO Standard Specifications for
Highway Bridges, 12th Edition and including Interim Specifications
through 1981 and Caltrans Bridge Design Specifications.

Column Loads: For illustrative purposes only dead load, live load

and seismic loads will be considered. The X-axis equals the
centerline of bent and the Y-axis equals the centerline of column.

Dead load (service level)

DL _ X DL _ X
P pop coL = 1056 P por cor - 1154
DL y s DL _ .
M, moP COL 524 ft-kips M, BoT COL 216 ft-kips
DL DL
Me top coL = © My Bor coL = O

Live load + impact (service level); Impact = 22%

Case 1
F e coL 224% P gor cot 224"
M, mobloon = -146 ft-kips LT oL = 60 ft-kips
M, el o = 1121 ft-kips T o, = 1121 ft-kips
Case 2
P mor 6oL " 131 Sor cor. ™ 131"
M, Bt op = -1252 ft-kips el oL, = 516 ft-kips
M, morleop = 654 ft-kips L wor = 654 ft-kips
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Live load + impact (for factored level); Impact = 22%

Case 1 (1.15 x 1 lane P + 1 lane H)

LL+I k LL+I K
P rop coL = 4°¢ Bor cor - 46
LL+1 . LL+I
LL+I ) LL+I
Case 2 (1.15 1 lane P + 1 lane H)
LL+1 k LL+I k
P wop coL = 269 BoT coL - 269
LL+I _ LL+I _
Hx TOP COL -2311 ft-klps M BOT COL = 952 ft-kips
LL+I oy A '
My TOP COL 2179 ft-kips HY BOT COL =~ 2179 ft-kips
Case 3 (1.15 1 lane P)
LL+I X LL+1 X
P rop coL = 204 P por cor = 204
LL+1 LL+I '
Mx TOP COL -1685 ft-kips M BOT coL = 694 ft-kips
LL+I LL+I

My ToP coL

2244 ft-kips

BOT COL

2244 ft-kips
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Seismic load (ARS forces and moments before application of
Z = 6 factor)

EQ _ EQ _ k -
Hx ARS = HY ARS = 828 (Horizontal force)
Case 1

EQ _ k
PTOP-:SS

EQ = -ki
Hx TOP COL — 8472 ft-kips

Case 2 (1.0 EQp + 0.33 EQnq)

EQ _ = k
P gor = * 33

EQ = =ki
My Bor coL = X 7985 ft-kips

EQ . ki
M, Bor cor = * 12624 ft-kips

Case 3 (0.33 EQp + 1.00 EQT)

EQ _ = g0k
P por = * 18

EQ - -ki
My BoT coL = X 2640 ft-kips

EQ , %
M, BoT cor = % 38256 ft-kips
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Column:

Geometry - Standard architectural column type 2R
Clear height = 20'-0"
Length of top flare section = l6'-6"
t= 5'-6"

Longitudinal reinforcement - determined by using YIELD program
with reinforcement placement controlled by basic section of
column.

36.00 sqg.in.

AS oop - 36 - #9
A = 54 - #9

el 54.00 sq.in.

9 - #9 extend 11' above top of footing

9 - #9 extend 8' above top of footing

Ag TOP COL ACTUAL = 7777.19 sg.in.
p . = 36.0/7777.19 = 0.0046

Ag TOP COL DESIGN = 3421.19 sg.in.
Peg= 36.0/3421.19 = 0.0105 > 0.01 ok

Ag BOT COL ACTUAL & DESIGN = 3421.19 sq.in.
p o = 54.0/3421.19 = 0.0158 > 0.01 ok

Article 1.5.11(A)(2) provisions were used for complying with the
minimum p o requirements of Article 1.5.11(3a)(1).

At the base of the column the p o = 0,0158 more than satisfies
the minimum po = 0.005 specified in Article 1.4.6(J)(4)(C).

Nominal moment strength - Article 1.5.2(B)
£'c = 3250 psi
£, = 60000 psi
€. max = 0.003 in./in.

Eg = 29000000 psi
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- Using the output from the YIELD program determine the nominal
moment strength at sections within the flared portion of the
column associated with the dead load plus seismic axial load.

Top of column
Pe = 1056 + 55 = 1111k

M = 8190 ft-kips
nx

M = 14721 ft-kips
ny

5'-6" from top of column
Pe = 1094 + 38 = 1132k

M__ = 7704 ft-kips
nx

Hny = 9752 ft-kips

11'=0" from top of column
Pe = 1121 + 26 = 1147k

an = 7075 ft-kips

M = 7437 ft-kips
ny

Probable plastic moment - Article 1.5.33(D)
Basic section € top of column
Pe = 1111k
pr = HPY = B233 ft-kips
Basic section @ bottom of column

Pe = 1154 + 55 = 1209k

=M = -ki
pr pY 10641 ft-kips
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Column shear - Article 1.5.35(G) (1)

Determine the maximum column shears considering that the nominal
moment strengths can be developed in the gross flare sections and
that the probable plastic moment strengths will be developed in
the basic section.

Case 1 (nominal moment @ top of column, probable plastic moment
€ bottom of column)

(0 + 10641) X
Vax = 720.0 + 3.24) - 458

_ (8190 + 10641) _ o,.K
vuy B 20.0 942

Case 2 (probable plastic moments € top and bottom of column)

(8233 + 10641) k

vuy = 20.0 = 1944

Case 3 (nominal moment @ 5'-6" from top of column, probable
plastic moment € bottom of column)

(7704 + 10641) k

Vay = 14.5 = 1265

From the above results it can be concluded that if plastic hinges
form they probably will form at the top and bottom of the column
about the X=-axis and at the bottom of the column about the Y-axis.

Since the column section at the bottom is circular and spiral
shear reinforcement will be used, the shear in the Y-axis
direction will control the design.

: o iR
<Yy max 944

DL+EQ k

H = 828

DL+EQ _ g,k

H 865

y

Although Article 1.5.35(G) (1) permits using the lesser value of
865K for the design shear force V,, it is desireable to use

the design shear forces associated with the development of the
column moment strengths. This is particularly so for short
structures for which the response of the abutment - abutment
foundation material system and its influence on the response of
the structure as a whole during an earthquake is so uncertain at
this time.
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Transverse reinforcement - determine reinforcement for confinement
and shear, Articles 1.5.11(B) and 1.5.35(G).

Confinement, using spiral reinforcement, the following three
volumetric equations should be satisfied:

A c
p, = 0.45 ‘Kg"“'fy_ .Eq.®
]
- Ag _ __c Pe

pg = 0.45 (32 - 1) £ (0.5 + 1.25 Fr—2-) E5. (2
fl

pg = 0.12 =5 (0.5 + 1.25 grep) eq.(d
y c*q

Equations (:) and (:) apply only to regions of potential plastic
hinging.

The confinement requirements for the basic section at the bottom

of the column will satisfy the requirements for the remainder of
the column.

2
ag = T2l = 3421.2 sq.in.

2
a, = TL82:00 - 3019.1 sq.in.

- 3250 psi ’ fy = 60000 psi

Pe = 1209k

3. o,
Eq'<:> Ps

0.45 (%‘&%% - 1) -5%%%% = 0.003246

1209 x 1000
X o

0.003246 (0.5 + 1.25 )

0.003246 x 0.63592 = 0.00206

3250 controls
Eq.(3) pg = 0.12 ggoq X 0-63592 = 0.00413 <=======2

Try #4 spirals @ 3" pitch

Vol. = 0.20 x 27(33.0 - 2.0 - 0.28) = 38.60 cu.in.

spiral

Vol. SoncTate = 3,0 x 3019.1 = 9057.3 cu.1in.

Py ™ 38.60/9057.3 = 0.00426 > 0,00413 ok
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Shear, use core section of basic section

v =ou_ 944 = 0.307 ksi
u ™ B.d = §2.070.8 x 62.0) .

Determine average compressive stress on the core concrete area due
to Pe.

£ = 2229 = 0.400 ksi

c avg.
O.lf'c = 0.325 ksi < 0.400 ksi

€ =0.114 ksi

can use Vc = m——-

Vg = Yo = 0.307 - 0.114 = 0.193 ksi

(3250)9:> . . : "
8 1000 - 0.456 ksi > 0.193 ksi .. Section size is adequate.

= = = k
V., =vb d=0.114 x 62.0 (0.8 x 62.0) = 350

v
" u_y .- 944 o 9eqK

s req'd.” §  'c  0.85 350 = 761

Try #5 spiral at 3" pitch

v «AvEy® _ 2x0.31 x 60.0 x 0.8(66.0 - 4.0 - 0.70)
s s 3.0

= 608% < 761% N.G.

. 608 . "
s!‘eq'd. - m X 3-0 2040

Try #6 spiral at 3.5" pitch

vs e 2 % 0.44 x 0.0 x 2.3(66.0 - 4.0 - 0.88) _ 738k < 7le

3% under. Say ok.
Check for A, min. per Article 1.5.10(A)(2)

50b_s
- w- _ 50 x 62.0 x 3.5 _ :
— fy = 50000 = 0.217 sqg.1in.

<< 0.88 sg.in. ok

A
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Use #6 spiral @ 3.5" pitch for full length of column and extend
into bent cap and footing per Articles 1.5.35(I) and 1.4.6(J)
respectively. Spiral may be discontinuous at the bottom bent cap
reinforcement and top footing reinforcement, but should be
anchored on each side of these levels of horizontal
reinforcement.

Piles: Use standard 70 ton piles

280k

112k

30k except for
Group VII = 40K

Ultimate axial bearing capacity
Ultimate axial uplift capacity
Ultimate lateral resistance

nnn

Footing:

£'. = 3250 psi

fy = 60000 psi

Determine the pile layout, footing size, and footing
reinforcement required to resist the bottom of column forces
and moments. Use the centerline of bent (X-axis) and the
centerline of column (Y-axis) as the principal axes of the
footing.

Minimum footing thickness

26.00" development length of outer ring of column

reinforcement
6.00 additional embedment of inner ring of column
reinforcement

3.26 #11 footing reinforcement
6.00 clearance to bottom footing reinforcement

41.26"

Determine a pile layout that is adequate for Group VII loads
and check for other group loads.

Comparison of the dead load plus elastic ARS earthquake
forces with the forces resulting from seismic plastic hinging
indicates that the latter will be the lesser of the two
(Article 1.2.20(f)).

Bottom of column forces resulting from plastic hinging

Case 1 (hinging either about X-axis or Y=-axis)
Pe = 1209k ' HP = 10641 ft-kips
Case 2 (Hinging about axis at 45° from x-axis)

= k - = =k1
Pe = 1209° ; M =M, = 7524 ft-kips
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Try a 16 pile footing 19.0' x 19.0' x 5.0

l.—& Column ( Y axis)

Footing Plan

" }. 1’. \. f’ b l ey
— .\i; \q/' LN f’ 1 r
- 1 .
x i =)
; l ! ; - n
< e O 4wy ot I P 0 ®
J. i . = 7
E Y i 1 171 .
o |, TN ! -
|
l s _ ( 1 de _! ' 1
\ " K ' I / | NL/
| -
(=)
| 2] { : =
- lr . %‘ I TN
’_;____, X _;_i?__..ri:f¢_ ———s =
"...I o, ......LJ l s 1 3
I -
] ] I H 2
N N P
L ‘} ,+‘| -l’ \' l — ;-
\ / L7
A z
| ‘
|,5'| 4.0' l 4.0' 40 |15
| b | 1 ] I |
9.5 9.5'
h/g-l d=430' | 277 teg = 5.0'
243 ' d=280" ' 427" ' tyg= 35
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DL . _ x

P ftg. 5.0 x 19.0 x 19.0 x 0.150 = 270
DL k

P = (19.0 x 19.0 - 23.8) 2 x 0.120 = 81
COVER 351k

Apiles = 16 piles

1. = ' 6 x B.02 = 384

piles g

(each direction) 8 x 3.02 = 128 2

512 pile-f£ft.

Pile reactions - Group VII

Case 1
P - (1209 + 351) _ 10641 x 8.0
pile 16 — 512
k k
= 97,5 + 166.3 = 263.8" max < 280 ok
-68.8% minl <|-112k' ok
Case 2
e < (1209 + 351) + 7524 x 8.0 . 7524 x 4.0
pile le - 212 - 512

97.5 + 117.6 + 58.8 = 273.9% max < 280F

ok

-78.9% min| <‘-112k| ok

Factored Group I loads (at bottom of column)

Case 1

. 1.67 - k
P = 1.3 (1154 + 7335 x 224) = 1899

e 1.67 = g
M 1.3 (216 + T33 X 60) 388 ft-kips

M, = 1.3 (0 + %f%% x 1121) = 1995 ft-kips
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Case 2

Case

Case

Case

1.67

P = 1.3 (1154 + 5 x 131) 1733%

M_ = 1.3 (216 + };g% X 516) = 1199 ft-kips

X

_ 1.67
HY 1.3 (0 + mx 654)

1164 ft-kips

3

P = 1.3 (1154 + 28 ) = 1986%

136 .
Moo= 1.3 (216 + T?%f ) = 426 ft-kips

M, = 1.3 (0 + 324%) = 3913 ft-kips

Y
4

P= 1.3 (1154 + T3§% ) = 1787%

952 "
"x = 1.3 (216 + TTE?J = 1295 ft-kips

Moo= 1.3 (0 + ) = 2322 ft-kips

2179
I.:i
5

P= 1.3 (1154 + 13%§-) = 1718

M, = 1.3 (216 + ngé) = 1020 ft-kips

2244 .
HY = 1.3 (0 + TTEEQ = 23971 ft-kips

Pile Reactions = Group I loads

Case 1
P e (1.3 x 351 + 1899) & 388 x 4.0 + 1995 x 8.0
pile 16 - 512 - 512
k k
= 147.2 + 3.0‘1 31.2 = 181.47 < 210 ok
¢ P = 0.75 x 280 = 210k (Article 1.4.6(D))

n pile
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Case 2
p - (1.3 x 351 + 1733) + 1199 x 8.0 + 1164 x 4.0
pile 16 - 512 - 512
k k
= 136.8 + 18.7 + 9.1 = 164.6 < 210 ok
Case 3
B - (1.3 x 351 + 1986) + 426 x 4.0 + 3913 x 8.0
pile 16 - 512 — 512
= 152.6 + 3.3 + 61.1 = 217.0% > 210%
3.3% over, say ok
Case 4
P L (1.3 x 351 + 1787) + 1295 x 4.0 + 2322 x 8.0
pile 16 - 512 — 512
_ k k
= 140.2 + 10.1 + 36.3 = 186.6 < 210 ok
Case 5
p = 1.3 x 351 + 1718) + 1020 x 4.0 + 2391 X 8.0
pile 16 - 512 = 512

= 135.9 + 8.0 + 37.4 = 181.3% ¢ 210X ok
Determine footing shear requirements.

Equivalent sgquare column section (Article 1.4.6(F))

2
he = _I.!.%-‘r—"-’- = 3421.2; h = 58.5" (4.87')

From a comparison of pile reactions it can be determined that
Group VII case 1 loads will control.

Assume $#11 bars in bottom mat of reinforcement

$11 - - - .
d 7. = 60.0 - 6.0 - 1.5 x 1.63 = 51.56" (4.30")

Shear at section through footing at distance d from face of column
(Article 1.5.35(F)(1)(a))

Vu = 3 x 263.8 = 791.4
- 5.0 x 2.77 x 19.0 x 0.150 = = 39.5
- 2.0 x 2.77 x 19.0 x 0.120 = = 12.6

T39.3F
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v

u allowable

o (3250)%°%

= 0.85 x 1 (19.0 x 12) 51.56 = 5696F

0.5
- o (3250) - X
V.= 2 “3ppp-  (19.0 x 12) 51.56 = 1340

$V, = 0.85 x 1340 = 1139k > 739.3k .. do not need shear

reinforcement

=¢ 10(£' %% ba ; (Articles 1.5.35(B)(1)

Shear at section concentric with and at a distance.d/2 from the

face of column (Article 1.3.35(F)(1)(b)).

Use section d/2 from face of actual circular column section.

Neglect tensile pile reactions.

v, = 3 x 263.8 =  791.4
4 x 180.6 = 722.4
2 x 97.5 =  195.0
4 x 14.4 =  57.6
- (19.02 = 0.25 v (5.5 + 4.3)2) 5.0 x 0.150 = - 214.2
- " . " ) 2.0 x 0.120 = - 68.5
1483.7%
v =¢ 6(£ )93 ba ; (Article 1.5.35(F)(4))
u allowable c o ’ B

on section

0.5

= 0.85 x 6 L%%%%l. rx 9.8 x 4.30 x 144 = 5543% > 1484

vc without

shear reinforcement

(3250)0+3

k

- 4(f'c)°‘5 b,d : (Article 1.5.35(F)(3))

- k
= 4-—ﬁﬁﬁr- vx 9.8 x 4.30 x 144 = 4347

$V_ = 0.85 x 4347 = 3695% > 1484F ok

do not need shear reinforcement
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-Determine minimum footing thickness that is adeguate for shear
without shear reinforcement.

Try 3.5' footing thickness

$11 _ - _ » &
d min 42.0 6.0 1.5 x 1.63 33.56" (2.80')
Pile reactions are based on the dead load of a 5.0' thick footing,
therefore use this dead load for reducing the applied moments and
shears.

Shear of section through footing at distance d from face of
column.

Vu = 3 x 263.8 = 791.4
- 5.0 x 4.27 x 19.0 x 0.150 = - 60.8
- 2.0 x 4.27 x 19.0 x 0.120 s - 19.5k

k k

0.5
$ v, =0.85 x 232381 " (19,0 x 12) 33.56 = 742" > 711 ok

1000

Shear at section concentric with and at a distance d/2 from the
face of column.

V.= 1766.4

u

150 - 230.2
120 = -_73.6
1462.6k

- (19.0%2 - 0.25 (5.5 + 2.8)%) 5.0 x
" "= ) 2.0 x

- ( .

0.5
3250) k k
$ V_= 0,85 x 4 { X 8.3 x 2.80 x 144 = 2038™ > 1463
c 1000 ok

tftg - 3'=6" ; use minimum shear reinforcement
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- Determine flexural reinforcement required (Articles 1.4.6(G),
1.5.7, 1.5.32 and 1.5.37)

Bottom of footing flexural reinforcement -

Section at face of column

M, = 3 x 263.8 (8.0 - 2.43) = 4408
4 x 180.6 (4.0 - 2.43) = 1134
- 5.0 x 7.07 x 19.0 x 0.150 x 7507 = - 356
7.07 _ - 114
2.0 x 7.07 x 19.0 x 0.120 x S5~ = "z353 £y yine
_ , 0.5 1
Ye
(325005 15(19.0 x 12)(42.0)3 .
= 1.2 x 7.5 W 6.5 X 42.0 <12 = 2866 ft-kips
Hu > 1.2 Hcr - Ag req'd. > By min.

try As = 49 € 6 + = 39 - #9 = 39.0 sq.in.

$9 _ . - "
d nin. = 42.0 6.0 1.5 x 1.25 = 34.12

A _f
s 39.0 ! 60.0 - L}
a =g B "0 T 3.5 X 0.0 X 12 - 3.72

c

a 3.72, .
M =9 Asfy (d =3) = 1.0 x 39.0 x 60.0(34.12 - ===) + 12

= 6291 ft-kips > 5072 ft-kips ok
Pe = 39.0/(19.0 x 12 x 34.12) = 0.005

0.85 x 0.85 x 3250 87000 _
0.75 Py, = 0.75 50000 (85000 + eoooo’ = 0-0174

0.005 < 0.0174 ok
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Check serviceability requirements of Article 1.5.39
Determine pile reactions under service loads Group I
Case 1

224 _
o33 = 1609

P = 1154 + 271 + k

N 60 _ .
Hx = 216 + m 265 ft klpS

. 1121 _ ey

P = 1609 _ 265 x 4.0 , 919 x 8.0
pile 16 - 512 —_ 512

= 100.6 + 2.1 + 14.4 = 117.1% max <SonEESls

Case 2
P = 1154 + 271 + Il%% = 1532K
- 516 _ s
M 216 + 133 639 ft-kips

- 654 _ i
Hy 0 + T3 536 ft-kips

1532 _ 639 x 8.0 _ 536 x 4.0

Poile ® 716 X~ 51z = Chy

= 95.8 + 10.0 + 4.2 = 110.0% max.

M= 3 x 115.0 (8.0 - 2.43) = 1922
4 x 107.8 (4.0 - 2.43) = 677
- 3.5 x 7.07 x 19.0 x 0.150 x 3.53 = - 249

2236 ft-kips

b = 228.0"
d = 34.12"
n=29

£. = 0.86 ksi

C

f_. = 22.1 ksi < 24.0 ksi ok

S
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Use #9 @ 6 + total 39 each direction

Top of footing flexural reinforcement (Article 1.4.6(G))
Use #9 @ 12 + total 20 each direction

Minimum shear reinforcement

Use iS‘J € 12 placed per Article 1.4.6(H).

Compare the available lateral resistance of the soil and
foundation system with the horizontal seismic forces at the bottom
of the column. It is not a requirement to provide a bent
foundation design to resist the horizontal seismic forces, but if
the available resistance is significantly less than the seismic
forces then large permanent displacements of the foundation may

result after a large earthquake.

Soil parameters of soil in which footing is embedded
¢ = 28°
y = 120 pcf

K, = 0.34

a

KP = 5,5 x 0.872 = 4.79

P ~ 0.5(4.79 - 0.34) 0.120 (2.0 + 3.5)2 x 19.0 = 153k
Pnet
k

B, piles ~ 16 x 40 = 640

k k

153 + 640 = 793 < 944

~ 16% under seismic
horizontal force

Hn foundation

Increasing the embedment of the footing would increase the
resistance available and reduce the seismic force (column shear)
so that it would be possible to reduce the likelihood of large
permanent bent footing displacements after a large earthquake.
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Example Problem 2 - Two Column Bent W/Pile Footings

Problem: Design the columns and pile footings for the structure
shown below. This is the same problem which is used as Problem
Set No. 1 of Reinforced Concrete Section of the Office of
Structures Design correspondence course.

b °
" b

'u_&

12.75'

\

/ =
2.
_--—h
<
- o
o
|
= ?I w
S .
o =
w
.\ (s8]
1 - — - -
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P~ —_ —
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Column loads:

load and seismic loads will be considered.
centerline of bent and the Y-axis equals the centerline of column.

Dead load (service level)

DL

P ror coL

DL

My TOP COL

M DL
y TOP COL

k

= 815

-1845 ft-kips

1150 ft-kips

DL
BOT COL

DL
BOT COL

DL
BOT COL

Live load + impact (service level); Impact =

Case 1

o LL+I

LL+I

My ToP coL

y LL*I
y TOP COL

Case 2

P LL+I

LL+I
x TOP COL

LL+I
y TOP COL

256%

-391 ft-kips

162 ft-kips

131%

-1864 ft-kips

83 ft-kips

130%

-234 ft-kips

601 ft-kips

LL+I
BOT COL

LL+I
BOT COL

LL+I
BOT COL

LL+I
BOT COL

LL+I
BOT COL

LL+I
BOT COL

For illustrative purposes, only dead load, live
The X—-axis eguals the

T

159 ft-kips

-360 ft-kips

21%

= 159 ft=-kips

= -3 ft-kips

= 756 ft-kips

= =2 ft-kips

= 95 ft-kips

= =188 ft-kips
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Live load + impact (for factored level); Impact =

Case 1 (1.15 x 1 lane P + 1 lane H)

W 7 .
My gg;Icon,’ =982 ft-kips M, gg;Icon
My gg;ICOL = 812 ft-kips Hy gg;ICOL
Case 2 (1.15 x 1 lane P + 1 lane H)
p LL4T  _ oook
My nop coL = ~4304 ft-kips M pofo o
My ES;ICOL = 595 ft-kips My gg;ICOL
Case 3 (1.15 x 1 lane P + 1 lane H)
P LL+I - 450k
My 7op cop = ~825 ft-kips M, Sor con
M, ot ooy, = 1251 £e-kips M, s

Seismic load (ARS
8 factor)

of z =

5-67
21%
399 ft-kips
= =102 ft-kips

= 1746 ft-kips

= =80 ft-kips

= 335 ft-kips

-287 ft-kips

forces and moments before and after application

Transverse earthquake motion (RMS results)

EQ
x TOP COL

EQ

H

H
Case 1
P EQ

EQ

EQ

y TOP COL

x BOT COL

TOP COL

x TOP COL

_ agok EQ
= 880 3y Top coL
X EQ
921 Hy, Bor coL
+930F

=328 / 8 = 41 ft-kips

8240 / 8 = 1030 ft-kips

= 32

k (Horizontal
forces)

k

= 34
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Case 2
EQ . k
P por corL = X932
m_ EQ =334 / 8 = 42 ft-kips
x BOT COL P
m_ EQ = 9832 / 8 = 1229 ft-kips
y BOT COL
Longitudinal earthquake motion (RMS results)
EQ - k EQ < k (Horizontal
By Top coL = 28 By mop cor = 461 forces)
EQ _ ak EQ L aaok
Hy Bor cor = 2° By por cor * 492
Case 3
EQ . X
P mop coL™ ¥202
m_ EQ = 4597 / 8 = 575 ft-kips
x TOP COL P
M EQ = 384 / 8 = 48 ft-kips
y TOP COL P
Case 4
EQ . X
P gor cor = X202
m_ EQ = 5050 / 8 = 631 £t-kips
x BOT COL
m_ EQ = 191 / 8 = 24 ft-kips
y BOT COL
Combined earthquake motion
Case 5 (1.0 EQL + 0.3 EQT)
EQ - = 481%
P rop cor = 202 + 0.3 x 930 = 481
EQ = - - - i
M, o2 oL ™ 4597 + 0.3 x 328 = 4695 / 8 = 587 ft-kips
M EQ = 384 + 0.3 x 8240 = 2856 / 8 = 357 ft-kips
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Case 6 (1.0 EQL

EQ
BOT COL

P

EQ
x BOT COL

EQ
y BOT COL

n

M
Case 7 (0.3 EQL

p =2 =
TOP COL
" EQ -
x TOP COL
m_EQ =
y TOP COL
Case 8 (0.3 EQL

p EQ =
BOT COL
EQ =

x BOT COL

EQ .
y BOT COL

= 0.3 x 4597 + 328

+ 0.3 EQT)

202 + 0.3 x 932 = 482%

5050 + 0.3 x 334 = 5150
191 + 0.3 x 9832 = 3141
+ 1.0 EQT)

0.3 x 202 + 930 = 991k

1707

0.3 x 384 + 8240 8355

+ 1.0 EQT)

k
0.3 x 202 + 932 = 993
0.3 x 5050 + 334 = 1849

0.3 x 191 + 9832 = 9889

644 ft-kips.

393 ft-kips

213 ft-kips

1044 ft-kips

231 ft-kips

1236 ft-kips
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Columns:
Geometry - Standard architectural column Type 2R

Clear height = 20'-0"
Length of top flare section = 16'-6"
t = 5'=6"

Longitudinal reinforcement - determined by using YIELD
program with reinforcement placement controlled by basic
section at bottom of column.

As TOP = 54-$#9 = 54,00 sg.in.

36-#9 in outer ring for full length column

18-#9 in inner ring for top 2/3 column

As BOTTOM = 36-%#9 = 36.0 sg.in.

Ag TOP COL ACTUAL = 7777.19 sg.in.

Py = 54.0/7777.19 = 0.0069

A = 5401.19 sqg.in. (Group loads other
g TOP COL DESIGN than Group VII)

p_. = 54.0/5401.19 = 0.0100

Ag TOP COL DESIGN - 3421.19 sg.in. (Group VII loads)

= 54.0/3421.19 = 0.0158

Ag BOT COL ACTUAL & DESIGN 3421.19 sqg.in.

Pa = 36.0/3421.19 = 0.0105

Probable plastic moment strength =

' - . = . .
fc 3250 psi , €. s 0.003 in./in.

fY = 60000 psi , £, = 29000000 psi

Hp = 1.3 M
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Full Flare Section @ Top of Column

As = 54-49 = 54.0 sqg.in.
12000
9000
6000
=
a
3000 ’////,
-
L 7
/””’/'
/
-3000 + } } $ + t
0 8000 12000 18000

Mnx o°
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Full Flare Section € Top of Column

A = 54-#9 = 54.0 sqg.in.

12000

9000

6000

Pn

3000

e

-

=-3000

——

L o

12000

L o
-

Mny 90°
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Full Flare Section @ Top of Column

12000

9000

6000

18000
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9000

6000

3000

-3000

Basic Section € Top of Column

= 54-%9

54.0 sg.in.

-

12000
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Basic Section @ Top of Column

As = 54-%#9 = 54.0 sqg.in.

6000

Mpx 45° = Mpy 45°

9000
€000
-8
a
3000
" A
| S // _
-3000 //J.— } 4 +

12000
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Basic Section € Bottom of Column

A_ = 36-#9 = 36.0 sq.in.

9000

6000

3000

-3000

-,

4

12000
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Basic Section @ Bottom of Column

3000

8000

3000

=3000

As = 36-49 = 36.0 sg.in.

L 2
-+
-

6000

Mpx 45° = Mpy 450

12000
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Column Shear

Determine the maximum column shears considering that the nominal
moment strengths can be developed in the gross flare sections of
the columns and that the probable plastic moment strengths can be
developed in the basic column section., Consider these moments
developing about the X-axis, Y-axis and on axis 45° from the X-
axis. Use the dead load axial force plus the change in axial
force due to the development of the component of moments about the
Y-axis (i.e., take into consideration the effects of transverse

overturning).

Moment strengths - Use the interaction curves developed from YIELD
program output.

Top of column

P DL, 815k
an 0e = 9600 ft-kips pr oe = 10000 ft-kips
Hny gge= 16700 ft-kips Mpy gge = 10000 ft-kips

Bottom of column

p PL. 914k

pr 0° = pr 90° 7900 ft-kips

v = Uny 90° top + Moy 90° BOT) _ (16700 + 7900) _ .40k
ux clear column height 20.0
M M

v = { PX 0° TOP + "px 0° BOT) _ (10000 + 7900) _ gqock

uy clear column height 20.0

TV = 2 x 1230 = 2460%

ux col
oT Z
HY = Zth eol (clear column height + Yp of superstructure)

= 2260 (20.0 + 3.54) = 57900 ft-kips

,'10'1'__2M
L] -
P OoT_ v py 90° BOT o - 57900 2 x 7900 _ :2339k

o column spacing - 18.0

Note: The above determination of axial column forces associated
with the column moment strength is valid only for 2 column bents
with equal length columns. For bents with more than 2 columns
and/or for bents with significantly different length columns
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within the bent, use an appropriate analysis for determining axial
column forces associated with the column moment strengths.

Determine new moment strengths, shears and axial forces using
P DL+OT

Top of column

v« 815 + 2339 = 3154
M.y g0e™ 23600 ft-kips M, gpe = 12400 ft-kips
p DL*0Ta g15 - 2339 = ~1524%
Hny 90° * 6600 ft-kips pr gge = 5000 ft-kips
Bottom of column |
P o-"0T= 914 + 2339 = 3253
M, goe = 10600 ft-kips
poutOT= 914 - 2339 = -1425%
M, goe = 2200 ft-kips
v, o = {23600+10600) _ 1)k
v, = L8600+ 2200) _ 4ok
SV . columns = 1710 + 440 = 2150k,~1§3'1ess than previous
ux columns = 2460

uy°T= 2150 x 23.54 = 50611 ft-kips

oT_ , 50611 - (10600 + 2200) k

P ot 18.0

= + 2100
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Determine new moment strengths, shears and axial forces using

revised P DIA#OT o

Top of column

DL+OT k

A 815 + 2100 = 2915

Hny 90° - 23000 ft-kips pr 90° 12300 ft-kips
DL+OT k

Poin 815 - 2100 = -1285

Hny 90° = 7700 ft-kips pr gge = 5700 ft-kips

Bottom of column

p Dl*OT= 914 + 2100 = 3014"
M. gge = 10400 ft-kips
P OT= 914 - 2100 = -1186"
pr 90° = 3000 ft-kips
v (23000410400 _ gk
v oo 7700430000 gk

= 1670 + 535 = 22055, ~ 2.6% greater than
previous zvux columns = 215'.')k

b vux columns

say close enough

Determine moment strengths, shears and axial forces due to
yielding of columns at top and bottom due to bending about an axis
45° from the X-axis.

Top of column

D

p PLo gysK

Mox 450 = Mpy g5e = 8250 ft-kips

M = 7100 ft-kips

px 45° - Mpy ase
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Bottom of column

p Pl 914K

pr 45°

pr 45°

_ (8250 + 558Q)

= 5580 ft-kips

= 692k

zvux columns

oT
M
y

oT_ ,

20.0

=2 x 692 =

32579 - 2 x 5580

P

8.0

1384

= 1384 (20.0 + 3.54) = 32579 ft-kips

= + 1190%

Determine new moment strengths, shears and axial forces using

p DL+OT.

Top of column

p DL+OT
max

Max 45°

pr 45°
Pmin
M

nx 45°

pr 45°

DL+OT
=

= Hny 45°

= pr 45°

= Hny 45°

= pr 45°

= 815 + 1190

815 - 1190

Bottom of column

DL+OT

Prax

pr 4s5° ~ pr 45° -
DL+OT_ _

Psa - 914 1190

pr 45°

= Moy ase

20055

= 10400 ft-kips

= 8200 ft-kips

= -375%

= 5800 ft-kips

= 5600 ft-kips

= 914 + 1190 = 2104%

= 6800 ft-kips

= -276%

= 3800 ft-kips
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Vax max ~ vuy max

Vux min ™ vuy min

z vux columns

2
Vu e * (860

= 860 + 480

+ 8602)0°3

_ (10400 + 6800)
20.0

k

= 860

_ (5800 + 3800) k

20.0 = 480

1340k,- 3.2% less than previous

= k
z Vux columns 1384
say close enough

12165

Determine column shears using dead load plus elastic earthquake

results.

DL + 1.0 EQL + 0.3 EQT

Vi DL+EQ _ (1150 + 285§0T0360 + 3141) _ 3.ck

- DL+EQ _ (1845 + 46930T0159 + 5150) _ gq5k

v, PHEQ & (3752 4+ 592903 = 701"

DL + 0.3 EQ, + 1.0 EQ,

v, DLEQ . (1150 + 8355 + 360 + 9889) _ gggk «

Vay DL+EQ _ (1845 + 170;0T0159 + 1849) _ ,qgk

v, DL+EQ (9882 + 2782)0'5 = 1()25k

p DL*EQ = 914 + 993 = 1907"

"px soT cop T F00 €60 ¢ BB e ents associated

M = 2000 ~ (159 + 1849) ft-kips with p DE*EQ ,
py BOT COL BOT COL

*The elastic moment value for M, ... ~qp of (360+9889) would
not quite be reached but say close enough for shear

determination.
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Comparison of shear force from elastic analysis with the
shear forces associated with column yielding indicates that
the shear force from the elastic earthquake analysis is least
critical.

k

“-V, pesign = 1026

The above comparison of shear forces also illustrates an
undesireable aspect as far as seismic performance is
concerned of the use of flared columns at short multi-column
bents, which aspect is the potential for a high demand for
shear resistance.

Transverse column reinforcement

Shear
_ k
Vu = 1026

Associated axial force

DL+EQ _ - k
BoT cor~ 214 % 993 = 1907 max

-79%

P
min

Because the column axial force can be a tensile force, the
total shear should be resisted by shear reinforcement.

Because plastic hinging may occur at the bottom of the
column, use the core section of the basic column section for

shear resistance.

v

_u_ o, o 1026 _ o . X

Vs req'd [} Ve * 0.85 0 = 1207
6.

= 66.0 - 4.0 = 62.0" .

b
w core

d = 0.8 x 62.0 = 49.60"
core

v
u 1026 . :
vu = m U—g—ro—z‘r.a X 62, X ~60 0-392 ksi
v =-v_= 0,392 - 0 = 0.392 ksi
u c

0.5

1000

(v, =Y,)

u -8 {f'c)

max allow
0.392 < 0.456 ok
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Try concentric #5 spirals at 3" pitch

Afd
v, =S¥ .4x0.31x60.0x49.60 . 1530% , 1507% ok

Concentric spirals require revised arrangement of
longitudinal column reinforcement. -

Try 18-%#9 full length in outer and inner ring plus 18-#9 for
2(3 the length of the top portion of the column in the outer
ring.

Spacing at the bottom of the column

r ; = 33.0 - 2.0 - 0.69 - 0.63 = 29.68"
outer ring
spacing = 2X 1829'68 = 10.36" > 8" N.G.

See Article 1l.5. 11(A)
Try #8 longitudinal column reinforcement
24-#8 full length in outer and inner ring plus

24-38 for 2/3 the length of the column at the top of the
column in the outer ring.

A = (48 + 24) = 72 - #8 = 56.88 sg. in. ~ 54.0
s ToP COL sg. in. ok
As BOT COL ~ 48 - #8 = 37.92 sg. in.~ 36.0 sq. in. ok

Spacing at bottom of column

L oater ring = 33.0 - 2.0 - 0.69 - 0.57 = 29.74

spacing = s %29.74 = 7,79" < 8.0" ok

Spacing at top of column of outer ring

Spacing = 2512 = 3,9" < than the preferred

minimum spacing, therefore bundle
partial length bars to the full
length bars in the outer ring.
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éonfinement

Satisfy the following volumetric equations. Equations (:) and (:)
apply to regions of potential plastic hinging only.

A
Pg = 0.45 (-;\3 - 1) .f_E. Eq.@
c y
fg . f'c Pe
p_ = 0.45 (=2 = 1) == (0.5 + 1,25 ———) EqQ.
s Al fy £'e Ag (:>
]
pg = 0.12 =57 (0.5 + 1.25 grop) Eq.(3)
b & c g

The confinement requirements for the basic section at the bottom
of the column will satisfy the requirements for the remainder of
the column.

2
= (36'0’ = 3421.2 sq. in.

2
A, = Z1§2:0) = 3019.1 sq. in.

f'c = 3250 psi ' fy = 60000 psi

Pe aar 1907k (dead load plus elastic earthquake results)

3421.2 3250

1907 x 1000
Eq.(2) pg = 0.003246 ( 0.5 + 1.25 S5e=32312)

0.003246 x 0.7144 = 0.00232

3250 -
Eq.(3) pg = 0.12 z5555 * 07144 °'°°454<fffffffs
Try 2 concentric #5 spirals at 3" pitch
AP = 0,317 x 2 (33.0 - 2.0 - 0.35) = 59,70

spiral

+ 0,31 x 2 (33.0 - 2.0 - 0.69 - 1.13 - 0.35) = 56.15
115.85
cu.in.
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) Vol. concreis: 3019.1 x 3.0 = 9057.3 cu.in.

Py = 115.85/9057.3 = 0.0128 > 0.00464 ok

Use 2 concentric #5 spirals at 3" pitch for the full length
of column and extend into the bent cap and footing.

Piles:

A preliminary determination of the footing size required using 70
ton piles indicated that this was not a practical solution
considering the 18' column spacing. A common footing using 70 ton
piles could present a practical solution, but in order to
illustrate a footing design for individual footing, 100 ton piles
will be used.

400k

200%

40K except for
Group VII = 55K

Ultimate bearing capacity
Ultimate uplift capacity
Ultimate lateral resistance

Footing:

£'c = 3250 psi
fy = 60000 psi

Determine the pile layout, footing size, and footing reinforcement
required to resist the bottom of column forces and moments. Use
the € of bent (X-axis) and the € of column (Y-axis) as the
principal axes of the footing.

Minimum footing thickness

19.80" development of outer ring of #8 column
reinforcement
6.00" additional embedment of inner ring of column
reinforcement
3.26" #11 bottom footing reinforcement
6.00" clearance to bottom footing reinforcement

35.06"
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Determine a pile layout that is adequate for Group VII loads and
check for the other group loads.

Group VII Bottom of column loads

Case P Hx Hz
1 914k 7900 ft-kips -—- ft-kips
2 3014 ——— 10400 Yielding of
3 -1186 — 3000 column
4 2104 6800 6800
5 -276 3800 3800
6 1396 5309 3501 DL + EQ
7 432 5309 3501 elastic
8 1907 2008 10249 analysis
9 -79 2008 10249
Try 15' x 15' x 3.5' footing w/16 piles
s Y=-ax/5
e 3 -
\2)
g /-K \Ir\ ++—t N
~<'7 \ S /x-axa
\ / . }
S
\ %
sl + o
— = a N

g0’ | =0’

7257
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Apiles = 16 piles
X i =8 (6.0)§ = 288
P =8 (3.0)° = 72 5
(each direction) 360 pile-ft.
p PL = 15.0 x 15.0 x 3.5 x 0.150 = 118
ftg - - - L ]
p Pl o (225.0 - 23.8) 2 x 0.120 = 48
cover * * . —k
166
Pile reactions - Group VII loading
Case 1
(914 + 166) . 7900 x 6
B = 16 2360
= 67.5 + 131.7 = 199.2% max. -64.2% min.
Case 2
o . (3014 + 166) , 10400 x 6

16 - 360

= 198.8 + 173.3 = 372.1% max.  25.5" min.
Case 3

(-1186 + 166) 3000 x 6
16 360

I+

k

- -63.8 + 50.0 = - 13.8% max. -113.8" min.

Case 4

(2104 + 166) _ 6800 x LI 6800 x 6
16 - 360 - 360

= 141.9 + 113.3 + 113.3 = 368.5° max. -84.7° min.

Case 5

(=276 + 166) 3800 x 6 _ 3800 x 6
16 360 - 360

k

k

-6.9 + 63.3 + 63.3 = 119.7% max.  -133.5% min.
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Case 6

p = (1396 + 166) 5309 x 6 , 3501 x 6
16 360 - 360

I+

= 97.6 + 88.5 + 58.4 = 244.5° max. -49.3% min.
Case 7

p= {4322 166) , gg.5 + 58.4

= 37.4 + 88.5 + 58.4 = 184.3% max.  -109.5% min.

Case 8

P = 1907 + 166) _ 2008 x 6 , 10249 x 6
16 o 360 - 360

= 129.6 + 33.5 + 170.8 = 333.9%max.  -74.7%min.

Case 9

p = (=79 + 166)
16

+ 33,5 + 170.8

= 5.4 + 33.5 + 170.8 = 209.7% max. -198.9% min.

The pile layout satisfies load cases for DL + EQ from an elastic
analysis and also satisfies load cases from the yielding of the
columns. For internal footing design use only the load cases from
an elastic analysis.

Check pile layout for other group loads.
Factored Group I loads (at bottom of column)
Case 1

1.67 k

P=1.3 (914 + 1.21 % 256) = 1648

1.67

121 159) = 492 ft-kips

Hx = 1.3 (159 +

1.67

1.21 3) = 473 ft-kips

M, = 1.3 (360 +
y (
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" Case 2

1.67

k
P=1.3 (914 + 121 131) = 1423

M, = 1.3 (159 + T557 756) = 1563 ft-kips

M, = 1.3 (360 + 1:57 2) = 472 ft-kips
Case 3

P = 1.3 (914 + 157 130) = 1422"

M, = 1.3 (159 + 3527 95) = 377 ft-kips

M, = 1.3 (360 + $:21 188) = 805 ft-kips
Case 4

P = 1.3 (914 + 322 ) = 1807"

M, = 1.3 (159 + 322 ) = 635 £e-kips

M, = 1.3 (360 + 382 ) = 578 fr-kips

Case 5

P=1.3 (914 + %5%11 = 1600%

1746 .
Hx = 1.3 (159 + 1321 ) = 2083 ft-kips
M = 1.3 (360 + =—22—) = 554 ft-kips
y . 1.21

Case 6
450 k

P = 1.3 (914 + Tffl) = 1672

335 .
Hx = 1.3 (159 + TTEI} = 567 ft-kips

287 . _ .
Hy = 1.3 (360 + Ttil) = 776 ft-kips
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Pile reactions - Factored Group I loading
By inspection Case 4 and Case 5 will produce the maximum pile
reaction.

Case 4

p = (1.3 x 166 + 1807) 635 x 6 + 578 x 6
16 360 - 360

1+

146.6k max
< 0.75 x 400 = 300

126.4 + 10.6 + 9.6 K
ok

Case 5

P = (1.3 x 166 + 1600) 2083 x 6 & 554 x 6
16 360 - 360

I+

157.4% max < 300 ok

113.5 + 34.7 + 9.2

Determine footing shear requirements

Equivalent square column section

2 7 (66.0)2
4

h® = = 3421.2 ; h = 58.5" (4.87")

From a comparison of pile reactions it can be determined that
either Group VII Case 8 or Case 9 loading will control, because of

the Group VII loading cases, those from the elastic analysis of
DL+EQ are the lesser. See Article 1.2.20(F).

Assume piles are HP1l4 x 89 for determination of contribution of a
pile reaction to the shear on a particular section through the
footing.

Assume #9 footing reinforcement

» . 42.0 - 6.0 - 1.5 x 1.25 = 34.12" (2.84')

dmin

Shear at section through footing at distance d from face of
column and parallel to the Y-axis.
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Group VII Case 8 loading

’
Sa’| Z2.8Y

- “ :X _"t-_l 7 ” . % 7; A
Pz~ Lo’ > 7" . Al pte reactron
om— contrbres Ao shear

Soo* Cﬂvvrqye fvaf;ﬁhn/pgy

/pﬁé,)$¢wha//)

vV, ~ 4 x 300.4 = 1202%

0.5
(3250) """ (15,0 x 12) 34.12 = 595X ¢ 1202

Wc=0.8532——f{w—0

;. need shear reinforcement or thicker footing
Shear at section through footing at face of column and parallel to
the Y-axis.

Group VII Case 9 loading

soé” [

Iwr.,é,r,éb/ o.’ffyw)av/ Amsson Aibre

|
“resnt goo< \ |1
: Mﬁ‘L‘, (Wefaje peocHon per
/9ﬁ@,7ixmh¢{)

;x%jnwmw/rczwn—

‘pvaiﬂéa' rce
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vu ~ 4 x 165.4 = 662
4 x 80.0 = 320

15.0 x 5.06 x 3.5 x 0.150 = 40

15.0 x 5.06 x 2.0 x 0.120 = 18
1040k

Need to pick up vertical component of diagonal compressive
force at the bottom of the footing with vertical
reinforcement in order to transfer this force to the top of
footing so it can be transferred into the column area and be
picked up by the longitudinal column reinforcement. Assumed
this load condition could occur about each axis of the

footing.

1040
As req'd ~ 0.9 x 60 - 19-26 5. in.
using #5 [/

6 rows @ 12" x 6" spacing, As= 2 x6 x6 x 0.31 =22.32

(Y-axis) sg. in. ok

3 rows @ 12" x 6" spacing, As = 2 x 3 x 11 x 0.31 = 20.46

(X-axis) sq. in. ok

Shear at section through footing at distance d/2 from perimeter of
column.

Group VII Case 8 loading
d/2 = 2.84/2 = 1.42°'

disregétd tensile pile reactions and dead load of footing and

cover.
v, ~ 4 x 300.4 = 1202
2 x 215.0 = 430
2 x 0.5 x 215.0 = 215
2 x 44.2 = 88
2 x 0.5 x 44.2 - 44
1979%

bo = 2w (2.75 + 1.42) = 26.2"' = 314.4"

0.5
pv_ = 0.85 x 4 i%%%%l 314.4 x 34.12 = 2079

k 5 1979% ok
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Using 3.5' thick footing determine shear reinforcement required.

Group VII Case 8 loading

_ 1202 _ 595 _ ..,k
Vs req'd ~ 0.85 ~ 0.85 - 14
try #5 @ 12 each way
v, - 15%0.301 %600 x 34.12 _ pg3k , g1k o

Group VII Case 9 loading

$#5 C @ 12 each way ok by comparison

Determine stirrup layout after flexural reinforcement is
determined.

Determine flexural reinforcement required.

Bottom of footing flexural reinforcement.
Section at face of column.

Group VII Case 8 loading will control

M, ~ 4 x 300.4 (6.0 - 2.44) = 4278
4 x 215.0 (3.0 - 2.44) = 482
7760 ft-kips

= 0.5 _S
1.2 M__ = 1.2 x 7.5 (£')) T

- (3250) 1/12(15.0 x 12)(42. 0) - s
1.2 x 7.5 -3335— 0.5 x 42.0 (12) 2263 ft-kips

L] O.I ) -
Hu ? 12 Mcr As req'd. As min.

try ﬁg = $9 @ 6 + = 31 x 1.0 = 31.0 sq. in.

1.0 x 60.0

31.
a = 9785 % 3.25 (15.0 x 12) - 3-74°

3.74

) / 12 = 4999 ft-kips
> 4760 ft-kips ok

Py ™ 31.0/(15.0 x 12 x 34.12) = 0.0050
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1187 238 x 6 915:%. 6

Poile © “I0 2300 = U320

= 74.2 + 4.0 + 8.6 = 86.8% max
Case 2 controls, check section at face of column.
M~ 4 x87.3 (6.0 - 2.44) = 1243

1424 ft-kips

g™ 17.69 ksi < 24.0 ksi ok
£ = 0.688 ksi
C

Use #9 @ 6 + total 31 each direction

Top of footing flexural reinforcement .
Check section at face of column

Group VII Case 9 loading

My, ~ 4 x 165.4 (6.0 - 2.44) = 2355

4 x 80.0 (3.0 - 2.44) = 179
5.06 x 15.0 x 3.5 x 0.150 x 2.53 = 101
5.06 x 15.0 x 2.0 x 0.120 x 2.53 = 46

amg = 42.0 - 3.0 - 1.5 x 1.25 = 37.12° (3.09')

0.5 3
(3250) " °~ 1/12(15.0 x 12)(42.0)
1.2 M _ = 1,2 x 7.5 === = = 2263
cr 1000 0.5 x 42.0(12) £t-kips
My> L2 M S AL g > Ay g
try AS = $9 @12 + =16 x 1.0 = 16.0 sq.in.
16.0 x 60.0 ’
a = 5785 % 3.25 (15.0 x 12) - 93
1.93 .
$M_ = 1.0 x 16.0 x 60.0 (37.12 - =25%) / 12 = 2892 ft-kips

2681 ft-kips < 2892 ft-kips ok
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Use #9 @ 12 + total 16 each direction

Ho@22 A/ /b ;

P eoch directron 4
Yy [/
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